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Abstract. Water molecule penetration into a bilayer hydrophobic region with a shock wave 
impulse has been investigated using molecular dynamics simulations [Koshiyama et al., AIP 
Conference Proceedings, 754, 104-106, (2005)]. Here we report results of simulation of 
spontaneous water pore formation in a bilayer that contains water molecules in the hydrophobic 
region in an initial state. The bilayers of 128 DPPC lipid and 3655 water molecules with 
insertion of 392, 784, and 1176 water molecules in the hydrophobic region are simulated. A 
water pore is spontaneously formed when 1176 water molecules exist in the hydrophobic region. 
The water pore diameter is estimated to be c.a. 1.9 nm, which is three times larger than that of 5-
fluorouracil (5FU) used in cancer treatment.  
Keywords: phospholipid bilayer, shock wave, gene therapy 
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INTRODUCTION 
Shock waves induced cell membrane permeabilization allows macromolecules to be 
transported across the membrane into the cytoplasm. This technique is definitely 
suitable for the application in gene therapy and anticancer drug delivery since shock 
waves can be focused into specific target sites non-invasively. Much attention has 
been paid to the mechanism by which shock waves induce permeabilization for the 
last several years. For example, Kodama et al.[1] reported that the shock wave impulse 
(defined as the integral of pressure with duration) is an important factor governing the 
temporary permeability increase in cell membranes. Feril et al.[2] suggested in their 
review that macromolecules might be transferred into cells across the cell membrane 
through the transient pores induced by shock waves. However, the precise mechanism 
of the permeabilization is still unclear. 
In our molecular dynamics (MD) simulation study of shock wave impulse[3], we 
observed that structural changes of the bilayer were induced by the impulse, followed 
by water molecule penetration into the hydrophobic region of the bilayer. Here we 
investigate the process of spontaneous water pore formation in the phospholipid 
bilayer, which is expected to occur after the water molecule penetration, using MD 
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simulation. In addition, we discuss the possibility of the uptake of 5fluorouracil (5FU) 
into the bilayer in the presence of shock waves, which has been used in cancer therapy. 
 
METHOD 
Our initial configuration is shown in Fig.1 (a). A bilayer of 128 DPPC lipid and 3655 
water molecules was simulated with the insertion of water molecules in the 
hydrophobic region. The number of inserted water molecules was 392, 784, and 1176, 
which roughly corresponds to the shock wave impulse of 21, 27, and 40 mPa·s in the 
previous study[3]. The OPLS-based force field reported by Smondyrev et al.[4] was 
used in the simulation. Water molecules were manually inserted in the hydrophobic 
region (Fig.1 (b)), and then an energy minimization calculation, a constant 
temperature calculation at 323 K, and a constant pressure calculation at 1 bar were 
sequentially performed for equilibration (named STEP 1). After the equilibration 
process, the production runs were initiated (named STEP 2). The duration of the 
production runs was 3 ns. All simulations were performed using the AMBER 8 set of 
programs[5]. The positions of both lipid and water molecules were taken from the 
simulations at 2 ps intervals. To determine the water pore size, the number of water 
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Figure 1. Structure of the lipid bilayer. (a): Snapshot of the lipid bilayer generated by MD simulation; 
Hydrophilic head groups of DPPC are shown as thick sticks, the hydrophobic chains of DPPC as 
narrow sticks, and water molecules as points. (b): Atom distributions of water( ), phosphate( ⋅ ), 
carbonyl carbon (≥), and methylene of hydrophobic chain(ϒ); z=0 corresponds to the center of the 
bilayer. Hydrophobic region is defined as the distance between the peaks of carbonyl carbon (±1.3 nm), 
and the interior of the region as that between the peaks of methylene of hydrophobic chain (± 0.85 nm). 
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Figure 2. A series of snapshots of the water pore formation in the lipid bilayer under a condition that 
water molecules exist in the hydrophobic region. The number of inserted water molecules is 1176 
molecules. The hydrophilic head groups of DPPC are shown as sticks, and water molecules as points. 
The hydrophobic chains are not shown for clarity. (a): Bilayer containing water molecules in the 
hydrophobic region; (b): After the equilibration process (STEP 1); (c): Water column formed in bilayer; 
(d): Water pore. 
 RESULTS & DISCUSSION 
Dynamics of water molecules in the bilayer hydrophobic region 
In STEP 1 (i.e. equilibration process), most of water molecules in the hydrophobic 
region moved into the central part of the bilayer, and then clustered within several tens 
of picoseonds (Fig.2 (a)-(b)). Zahn and Brickmann[6] pointed out that the water 
clustering was due to the minimum free energy in the bilayer central part. The water 
clusters were not isolated in the hydrophobic region but some parts of the clusters 
were linked to the water molecules outside the bilayer (Fig.2 (b)). Although most of 
water molecules in the hydrophobic region clustered, several molecules (c.a. 20 % of 
the total water molecules that had been initially inserted) seeped out of the 
hydrophobic region without clustering. Water clustering was observed in all 
simulations. 
 
Table 1 Number of water molecules Nw in the interior of the hydrophobic region 
Simulation* 0.0 ns 1.0 ns 2.0 ns  3.0 ns 
WPC0392 168 8 9 8 
WPC0784 426 10 9 10 
WPC1176 698 176 145 147 
*Simulations of the bilayer inserted 392, 784, and 1176 water molecules in the hydrophobic region were labeled as 
WPC0392, WPC0784, and WPC1176, respectively. 
Water pore formation 
Table 1 shows the number of water molecules Nw in the interior of the hydrophobic 
region at 0.0, 1.0, 2.0, and 3.0 ns in STEP 2 (i.e. production run). The simulations of 
the bilayer containing 392, 784, and 1176 water molecules in the hydrophobic region 
were labeled as WPC0392, WPC0784, and WPC1176, respectively. In WPC0392 and 
WPC0784, Nw was decreased to c.a. 10 molecules within 1.0 ns, and it remained 
constant. These results imply almost all water molecules seep out of the interior of the 
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bilayer hydrophobic region within 1.0 ns. In both WPC0392 and WPC0784, large 
structural change such as water pore formation was not observed.   
In WPC1176, on the other hand, a water pore was formed. The decrease in Nw was 
stopped in c.a. 150 molecules (See Table 1). This result implies that c.a. tenth part of 
total water molecules initially inserted is left in the hydrophobic region if the initial 
number of water molecules in the hydrophobic region is sufficiently large. The 
number of water molecules was 1176 in this simulation. 
Figure 2 (c)-(d) shows an important stage in the water pore formation. The water 
column (Fig. 2(c)) that was the string of water molecules crossing the bilayer was 
temporarily left within 1.0 ns. The hydrophilic head groups of lipid molecules adjacent 
to the water column started to fall down into the hydrophobic region along the water 
column. The bilayer structure adopted an hourglass-like shape (Fig. 2 (d)), and then 
the water pore structure became stable within 2 ns. The water pore formation 
subsequent to water column formation was consistent with other simulation results[7]. 
The additional 35 ns run was performed to confirm the stableness of water pore. The 
water pore structure was still stable after 38 ns run although several water molecules 
moved into and out from the water pore.  
5FU delivery through water pore 
 5FU is typically utilized in ultrasound-mediated membrane permeabilization 
experiments (i.e. sonoporation), and our group has experimentally demonstrated that 
5FU was delivered into cancer cells successfully. Now, we discuss the mechanism of 
molecular delivery of 5FU here.  
 5FU is a hydrophilic molecule, i.e. it has partial charges at the molecular level. The 
octanol/water partition coefficient l defined as the ratio of a 5FU concentration 
in the octanol phase (non-polar solvents) to its concentration in the aqueous phase 
(polar solvents) of a two-phase octanol/water system is –1.00[8]. This indicates that 
5FU molecules preferably dissolve in polar solvents than in non-polar solvents, and 
normally must break down the bilayer hydrophobic barrier to penetrate into cells. 
However, the circumstance is changed when the bilayer is exposed to shock waves. 
The instantaneous structural changes in the bilayer are induced by the shock waves 
and water molecules (small size polar molecule) penetrate into the hydrophobic 
region. Further, as we have demonstrated in the present study, the water pore in the 
bilayer is formed after the water penetration. That is, the water penetration by shock 
waves is a “priming” of water pore formation. 
og octP
 In WPC1176, the radius of the water pore was c.a. 1.0 nm that is three times larger 
than Stokes’ radius of 5FU. The water pore is filled with water molecules (polar 
solvents) and sustained by the hydrophilic part of lipid molecules. It is clear that the 
5FU tends to diffuse into not non-polar solvents but polar solvents as we mentioned 
above. Therefore, the generation of water pores in the bilayer and subsequent diffusion 
of external molecules into the water pore may be a realistic scenario of the shock 
waves induced molecular delivery. Note that this scenario is applicable for only polar 
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CONCLUSION 
 
 The pore formation process subsequent to water penetration into the hydrophobic 
region was elucidated by MD simulation. From our simulations it was found that the 
pore was spontaneously formed when the bilayer contained a large number of water 
molecules in the hydrophobic region, and the pore was confirmed to be stable for more 
than 30 ns. The process of water pore formation was summarized as follows; firstly a 
cluster of water molecules appears in the bilayer hydrophobic region; secondly a water 
string is left crossing the bilayer; thirdly the hydrophilic head groups of lipid 
molecules fall down; fourthly the structure adopts a hourglass-like shape, and finally it 
becomes stable. In addition, it was suggested that 5FU might be capable of penetrating 
through the water pore in the presence of shock waves. We propose a scenario of 
delivery of small drugs into cells: application of ultrasonic pulses or shock waves 
transports a large number of water molecules into the hydrophobic region of the cell 
membrane, and then the water pore is spontaneously formed, through which small 
drugs like 5FU can pass. 
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